Production of ornithine decarboxylase, the initial and generally rate-limiting enzyme in the biosyn thesis of polyamines, has been implicated as one of the metabolic events after cerebral ischemia which may contribute to evolving stroke pathology (Koenig et aI., 1983a; Pegg, 1986; Tabor and Tabor, 1984) . Acute cerebral ischemia has been demon strated to result in the sudden loss of neuroelec trical function (Meyer et aI., 1985) . If the ischemia is incomplete it also results in the stimulation of metabolic activity in damaged but viable areas. In addition, edema formation is seen which may per sist or accelerate after blood flow is reestablished (Dempsey et aI., 1986) .
We have previously shown that ornithine decar boxylase activity is increased in a delayed fashion after focal permanent cerebral ischemia in pen-clear cytoplasm and extended into proximal dendrites. Nonischemic animals did not contain ornithine decarbox ylase immunoreactivity. These studies show the presence and location of ornithine decarboxylase in cerebral tissue sUbjected to transient ischemia. The increase in this marker of polyamine activity paralleled previous studies in this model of cerebral edema formation and reperfu sion deficit in blood flow and evoked potential, sug gesting that ornithine decarboxylase is a marker for and may be associated with those late metabolic events leading to progressive functional deterioration after in complete cerebral ischemia. Key Words: Ornithine decar boxylase-Brain edema-Stroke-Cerebral ischemia Immunohistochemistry. umbra regions of cat brain undergoing increasing edema formation (Dempsey et aI., 1985) . Koenig has shown that elevated polyamines derived from an increase in rat brain ornithine decarboxylase ac tivity promote vasogenic edema after a cold lesion injury (Koenig et aI., 1983b) . The polyamine pu trescine has been shown to be increased after cere bral ischemia (Paschen and Hallmaye, 1987; Rohn et aI., 1987) . The role of polyamines and ornithine decarboxylase after transient ischemia is poorly understood. Ornithine decarboxylase activity is known to increase in a delayed fashion after cere bral injury (Koenig et aI., 1983b) . A delayed in crease in ornithine decarboxylase activity would not temporally correlate with early cytotoxic edema after ischemia but does with late ischemic edema of a mixed cytotoxic and vasogenic type (Rohn et aI., 1987) . Such late vasogenic edema has been shown by Avery and Go (Avery et aI., 1984; Go et aI., 1984) to appear 3 and 5 h after a transient ischemic insult of 60 min and 15 min respectively. It is clear that further information regarding the cel lular location of ornithine decarboxylase protein and the temporal relationship of ornithine decar boxylase activity to physiologic parameters after transient ischemia would be important.
Enzymatic assay and immunohistochemistry were used in the present experiment to determine the presence and immunohistochemical localization of ornithine decarboxylase protein following two periods of transient cerebral ischemia intermediate to those of Avery and Go, followed by a 4-h period of reperfusion. Such a delayed time point has been associated in the model with deficits in cerebral blood flow, and somatosensory evoked potentials as well as breakdown in blood brain barrier in the formation of cerebral edema (Avery et aI., 1984; Go et aI., 1984; Suzuki et aI., 1983) .
METHODS
Male Mongolian gerbils were anesthetized with 160 mg/kg ketamine I.P. and maintained with ketamine for the period of the experiment. A vertical neck incision was used to expose both carotid arteries and the trachea for tracheostomy. The left femoral artery was exposed for continuous monitoring of blood pressure. All surgery was done under the Zeiss surgical microscope. After stable baseline studies were obtained, the carotid arteries were occluded with aneurysm clips bilaterally and then re leased for a period of 4 h of reperfusion. This model has been previously characterized to consistently produce transient dense forebrain ischemia with resulting brain edema and evoked potential deficits (Cowen et aI., 1987; Dempsey et aI., 1986; Dempsey et aI., 1987) .
Ornithine decarboxylase activity
At the conclusion of the experiment, both oon ischemic control and ischemic reperfusion animals were killed and the brain was rapidly removed.
Ornithine decarboxylase activity was measured in an imals from cerebral forebrain tissue subjected to 20 min of ischemia and 4 h of reperfusion. This tissue was rap idly frozen and stored at -80°C. Frozen tissue was ho mogenized in 4°C buffer (50 mM Tr is-HCI, pH 7.5, 40 fLM pyridoxal phosphate, 7.5 mM dithiothreilol, 1.0 mM EDTA, and 500 fLM phenylmethylsulfonylfluoride). The homogenate was centrifuged at 43,000 x g for 20 min and the supernatant fraction was assayed for ornithine decar boxylase activity by determining the amount of 14C02 re leased from 0.5 fLCi of [L'4C] ornithine at 3rC during a 60 min incubation. The amount of product generated under these conditions was proportional to incubation time and amount of protein (Dempsey et aI., 1985) .
Immunohistochemical localization of ornithine decarboxylase
The location of ornithine decarboxylase was studied in 16 Mongolian gerbils (8 experimental, 8 control).
All animals were anesthetized and prepared as in the above protocol. Experimental animals underwent bilat eral carotid artery occlusion with vascular clips for 40 min followed by removal of clips and reperfusion for a period of 4 h as above. The animals remained anesthe tized during the entire reperfusion period. Control an imals were anesthetized for an equivalent period of time,
and underwent neck dissection of the carotid artery but did not undergo artery occlusion.
At the end of the reperfusion or control periods, a tho racotomy was done, the animals were injected with hep arin 0.05 cc intracardially, and then perfused with 0.9% saline followed by 200 ml 4% paraformaldehyde in 0.2 M Sorenson's phosphate buffer (pH 7.2) at room tempera ture (Maley and Elde, 1982) . Brains were left in situ for one hour and then removed and placed in fresh fixative with 10% sucrose for an additional hour. Brains were then transferred to 10% phosphate-buffered sucrose for 18 h at 4°C. The cortex was then blocked in the coronal plane and sectioned on a cryostat microtome at a thick ness of 10 fLm. The sections were mounted on subbed slides and rehydrated for 5 min with phosphate-buffered saline plus 0.3% Triton X-IOO. The phosphate-buffered saline/0.3% Tr iton X-IOO was removed and the sections were incubated in ornithine decarboxylase antisera (1: 200 in phosphate-buffered saline/0.3% Tr iton X-IOO) over night at 4°C. The sections were then rinsed with phos phate-buffered saline in a humidified chamber prior to in cubation for one hour in sheep anti-rabbit IgG fluorescein (I :20). The sections were rinsed with phosphate-buffered saline and then coverslipped with phosphate-buffered sa line/glycerine (1 :3).
To determine specificity of staining, cortical sections of ischemic animals that had been reperfused for 4 h were also incubated in ornithine decarboxylase antiserum which was preabsorbed for 48 h with 10 fLg of ornithine decarboxylase protein/ml of antiserum at its working di lution.
RESULTS

Ornithine decarboxylase activity
Baseline ornithine decarboxylase activity was low. It remains low after ischemia and early reper fusion. In contrast, that region of forebrain tissue subjected to incomplete ischemia had by 4 h of re perfusion significantly elevated ornithine decarbox ylase activity (72.5 ± 24.7 pmoles/mg protein/h) compared to nonischemic anesthetized controls (8.5 ± 2 pmoles/mg protein/h, p < 0.05) (Fig. 1) .
Immunohistochemical location of ornithine decarboxylase
Immunohistochemical location of the ornithine decarboxylase protein was examined in ischemic gerbils after a 4-h reperfusion in light of the changes in ornithine decarboxylase activity noted at this time. Immunohistochemical localization of or nithine decarboxylase was present in neurons throughout the cerebral cortex of reperfused isch emic gerbils. The ornithine decarboxylase immuno reactivity was localized within the perinuclear cy toplasm and extended into proximal regions of apical dendrites (Fig. 2) . The ornithine decarbox ylase immunoreactive neurons ranged in size from 15-25 ,... ., m and were present in all layers of the cere bral cortex. Nonischemic control animals did not contain ornithine decarboxylase immunoreactivity within cortical neurons. Sections from ischemic and then reperfused animals incubated in ornithine decarboxylase antiserum preabsorbed with excess ornithine decarboxylase protein and processed in parallel with the remainder of the sections did not possess ornithine decarboxylase immunoreactivity, thus demonstrating specificity of the ornithine de carboxylase antiserum.
DISCUSSION
These are the first results to localize an increase in neuronal ornithine decarboxylase protein con tent following a pathological insult. Previously, or nithine decarboxylase protein has been seen in normal and developing rat brain (Cintra et aI., 1987; Dorn et aI., 1987) . After ischemia and reperfusion, this ornithine decarboxylase immunoreactive pro- tein is seen in neurons we believe to be metaboli cally active.
Cerebral forebrain ornithine decarboxylase ac tivity was seen in these studies to increase after 4 h of reperfusion. This delayed response suggests that activation of ornithine decarboxylase may be en ergy-dependent since ornithine decarboxylase ac tivity did not rise until reperfusion was well estab lished. Furthermore, we have previously shown in cats with focal permanent ischemia that maximum ornithine decarboxylase activity is in metabolically viable "penumbra" regions of incomplete ischemia with advancing edema formation (Dempsey et aI., 1985) .
Immunoreactivity was seen in perinuclear neu ronal cytoplasm and primary dendrites. No such immunohistochemical reactivity was seen in non ischemic controls. Such data suggest that increased ornithine decarboxylase activity observed after ischemia is probably localized to neurons in the re gion responding metabolically to ischemic stress by increasing levels of ornithine decarboxylase. Much like the penumbra of a focal ischemic deficit, we believe that this region is in turn an area at risk for further deterioration to infarction.
The nature of ischemic edema 4 h after reperfu sion is not completely understood. It seems clear that the early ischemic edema is cytotoxic with swelling of neurons and glia due to a loss of energy requiring homeostatic membrane pumps. Late isch emic edema is believed to be mixed with elements of both vasogenic and cytotoxic edema, although the timing of the onset of the vasogenic component is debated. Suzuki and Klatso have noted a bi phasic early and late opening of blood brain bar riers in reperfusion (Suzuki et aI., 1983) . Avery et ai. has shown blood brain barrier opening to Evans blue as soon as 2-3 h after reperfusion ischemia in a rather severe ischemic insult of 60 min (Avery et aI., 1984) . Go has found blood brain barrier opening to IgG at 5 h reperfusion after only 15 min of dense ischemia (Go et aI., 1984) . In the present study, using the same model, we tested two periods of ischemia, 20 and 40 min, which are intermediate be tween those shown by Avery and Go to induce va sogenic edema after 3 and 5 h of ischemia. After both of our ischemic time periods we demonstrated ornithine decarboxylase presence at the interme diate reperfusion period of 4 h. This suggests that ornithine decarboxylase formation and the onset of vasogenic components to ischemic edema follow a similar time course after transient ischemia.
The relationship of the observed ornithine decar boxylase activity following ischemic edema forma tion is suggestive. Enhanced polyamine biosyn thesis has been shown to be important for vaso genic brain edema promotion in a rat cryogenic model (Koenig et aI., 1983b) . The present study suggests that enhanced polyamine synthesis may not be important for the development of that brain edema observed immediately after transient cere bral ischemia since no increase in ornithine decar boxylase activity was observed during this early pe riod. Cortical neurons, however, are shown in this paper to be producing ornithine decarboxylase im munoreactive protein after 4 h of reperfusion. The presence of neurons with enhanced ornithine decar boxylase protein content 4 h after reperfusion sug gests a possible role for ornithine decarboxylase at this time point in maintaining brain edema or in in troducing vasogenic components to the mixed pat tern that is ischemic edema.
Ornithine decarboxylase has been localized in neurons of normal adult and developing neonatal rats (Cintra et aI., 1987) . The polyamines resultant from ornithine decarboxylase activity have been suggested as trophic factors in the maintenance of accelerated protein synthesis in neoplastic and de veloping tissue (Tabor and Ta bor, 1984 ). An alterna tive interpretation of our findings may be that en hanced ornithine decarboxylase content may be essential for neurons to maintain or recover to a functional state following exposure to an ischemic environment. If the region of interest is not able to meet the metabolic demands of such accelerated protein synthesis, further damage and edema for mation may result.
J Cereb Blood Flow Metab, Vol. 8, No.6, 1988 In summary, ornithine decarboxylase protein is localized after transient cerebral ischemia to neu rons in a region of reperfusion abnormality. The temporal relationship suggests a possible role for ornithine decarboxylase in the onset of the vaso genic component of mixed brain edema in poten tially viable regions of the brain retaining metabolic activity after transient ischemia.
